Introduction
Recent interest in graphene as an additive to organic coatings for application to metal surfaces for protection against corrosion has led to a number of intriguing and high-level publications [1] [2] [3] . Here we demonstrate, using Scanning Kelvin probe (SKP) measurements, that composite coatings based on non-functionalised graphene nano-platelet (GNP) pigmented polyvinyl butyral (PVB) films show exceptional resistance to an important corrosion-driven failure process -namely cathodic delamination. We further demonstrate that delamination rates correlate strongly with reductions in the rate of oxygen permeation through the coating. The current paper describes a novel primer coating system for iron substrates based on GNPs prepared in a manner where a low pressure, low temperature, split plasma exfoliation treatment has been adopted [4] .
Figure 1
Failure of organic coating adhesion by cathodic delamination, shown schematically in Figure   1 , is driven forward via cathodic oxygen reduction (COR) occurring at the metal-coating interface [5] [6] [7] . Conventional corrosion-inhibitor pigments (such as Cr(VI)) typically act by chemically inhibiting cathodic electron transfer to oxygen. However, various studies have claimed that the benefits of graphene and graphene-composites for corrosion protection arise principally from reduced permeation to oxygen and water [1, [8] [9] [10] [11] ]. In the current study, an experimental arrangement, namely the scanning Kelvin probe (SKP) technique, is used which allows free ingress of corrosive electrolyte via an artificial coating defect so that the influence of oxygen permeation on the COR rate can be determined in isolation. SKP is now a firmlyestablished methodology following the kinetics of corrosion-driven organic coating failure/delamination [12] [13] [14] [15] [16] and, indeed, for other corrosion studies [17] [18] [19] . In the current study, we use SKP to assess the effect of systematically varying the GNP content of GNP/PVB composite coatings adherent to an iron substrate in contact with high humidity (95%) air. PVB has been used extensively as a model coating in previous studies into the inhibition of corrosion-driven underfilm delamination [20] .
Oxygen permeation rates are also independently measured for free-standing GNP/PVB films using a photochemical technique. For the first time, a direct correlation between the rate of corrosion-driven coating delamination and oxygen permeability is demonstrated. It is therefore proposed that GNPs act principally to reduce the COR rate by limiting the rate at which oxygen can diffuse to the metal coating interface (Figure 1.a) .
Materials and methods

Materials:
Iron samples, obtained from Goodfellow, were a gauge of 1.5 mm cut into square coupons of 50 mm  50 mm. All chemicals were supplied by Sigma-Aldrich Chemical Co and were of analytical grade purity. GNPs, with average surface area of 17 m 2 g -1 obtained
from Haydale ltd were dispersed in PVB at various pigment volume fractions (ϕPT) calculated using:
where MPVB is the mass of PVB used in the coating formulation, MPT the mass of GNP pigment ρPVB the density of PVB (~ 0.8 g cm -3 ) [21] and ρPT the density of the GNP pigments (~ 2.25 g cm -3 ).
Methods: SKP design and operation of apparatus has been described extensively elsewhere
[13] [22] [23] , as has the SKP calibration procedure in terms of free corrosion potential (Ecorr) [20] . It has been shown, for a metal surface coated with an adherent and/or delaminated PVB film, that:
where Δ is the Volta potential difference measured between the SKP reference probe and the polymer-air interface and A is a constant.
The sample preparation procedure was based on the methods presented in work carried out by Klimow et al [14] . Polyvinyl butyral (PVB) solutions MW 70,000-100,000 were prepared in ethanol (15.5% w/w) and the required amount of GNPs were added and thoroughly mixed.
An aqueous slurry of 5 µm alumina was used to hand-polish the sample surface to remove any contaminants and a pre-existing oxide layer. Degreasing was carried out via an acetone rinse followed by air-drying. PVB solution containing the appropriate amount of GNPs was bar-cast onto a pre-cleaned sample and room-air dried. Strong film adhesion was observed in both wet and dry form where it was not possible for the film to be peeled off.
All delamination experiments were carried out in an enclosed SKP chamber maintained at a constant 95% r.h. and 25˚C. Delamination was initiated each time using 0.86 M wt/v aqueous NaCl at pH 7. The SKP reference probe consisted of a gold wire of diameter 125
µm vibrating vertically at 280 Hz and amplitude of 40 µm at a distance of 100 µm above the sample surface. Ecorr data points were recorded at 20 per mm. The SKP reference probe was scanned over the coated surface along a 12 mm line normal to, and adjacent with, the defectcoating boundary. Scanning commenced immediately on the addition of electrolyte and thereafter at hourly intervals over a period of ≥ 24h.
A photochemical technique based on the "methylene blue bottle reaction" was employed to determine the oxygen permeability of the GNP/PVB films [24] . This technique relies on the fact that Methylene blue (MB), when exposed to red light in the presence of a sacrificial reducing agent, becomes reduced to its leuco, colourless form. Upon exposure to oxygen it is stoichiometrically reoxidised to MB. A Hellma 10 mm 100 QS quartz cuvette was filled with 2x10 -5 M aqueous MB and 1x10 -3 M aqueous EDTA adjusted to pH 10 using aqueous NaOH.
A free-standing PVB film containing the relevant volume fraction of GNPs (φGNP) was then sealed over the cuvette mouth using epoxy adhesive. All sample preparation was carried out in a nitrogen atmosphere and residually resolved oxygen removed by repeatedly photobleaching the MB until it became completely colourless. The cuvette was then allowed to stand in air at room temperature pressure and MB recolourisation following spectrophotometry. The MB peak absorbance occurs at a wavelength of 662 nm with an extinction coefficient of 73,000 [25] . A Lambda XLS Perkin Elmer UV/Vis spectrophotometer was used to measure the MB absorbance change at 15 minute intervals for two hours. A baseline for oxygen leakage through the epoxy adhesive was obtained using a glass cover-slip instead of the PVB/GNP film.
Results and discussion
By placing an experimental electrolyte comprising 0.86 M aqueous sodium chloride onto a penetrative coating defect, an electrochemical cell becomes established, as shown in Figure 1 . The Ecorr values measured in the vicinity of the defect, determined by the dynamic equilibrium of iron oxidation and oxygen reduction, results in a potential that approaches the equilibrium potential of eq. [3] i.e. ca. -0.44 V(SHE). The position of the delamination front is taken as the midpoint of the sharp drop in potential from the intact coating region, as described previously by Leng et al [26] . (Figure 3.a) . For uninhibited PVB coatings, it has previously been demonstrated that delamination from an iron surface is controlled by the underfilm migration of cations (in this case Na + ) from the defect site to the cathodic delamination front [26] , giving rise to parabolic delamination rate kinetics in which xdel increases as t 1/2 .
When GNP pigments were introduced into the coating, a marked change was observed in the delamination kinetics. Systematically increasing φGNP was found to produce a progressive reduction in delamination rate and a change in kinetic order, with respect to time, from parabolic (t 1/2 dependence) to zero order (linear with respect to t). These effects are clearly shown in Figure 3 .a. Only the unpigmented PVB plot shows a deviation from linearity.
Linear rate constants (kdel), obtained from the various xdel vs. (tdel -ti) slopes in Figure 3 .a (taken as the initial rate slope in the case of φGNP = 0 where it is assumed that, as xdel and cation diffusion length tends to zero, underfilm cation diffusion ceases to be rate limiting), are plotted vs. φGNP in Figure 3 .b curve (i), which shows that for φGNP ≥ 0.1 kdel values are reduced by ≥ 98% relative to the φ GNP = 0 case.
Figure 3
Although the delamintation rate is significantly reduced relative to the unpigmented PVB, SKP measurements revealed no dependence of characteristic Ecorr values on φGNP. Thus, in Given the above, the simplest explanation of the inhibitory action of GNPs is that they act to reduce rates of vertical (through coating) oxygen diffusion as shown schematically in Figure   1 .a. This hypothesis is immediately consistent with the diffusion blocking effects of GNPs in polymer composite films reported by Kirkland [1] . Further support is provided by curve (ii) in Figure 3 .b which shows oxygen permeability coefficiencies measured for free-standing films vs. φGNP. A comparison of curves (i and ii) then illustrates the main degree of correlation which exists between kdel and oxygen permeability.
It has been pointed out that, when protective coatings function principally on reduced rates of oxygen diffusion, long-term corrosion resistance is unlikely to occur [27] . Consequently, the graphene pigmented PVB coatings are currently being subjected to scribed-sample salt-spray testing to evaluate their long-term performance.
Conclusion
In conclusion, in-situ scanning Kelvin probe (SKP) experiments have demonstrated that Graphene Nanooplatelets (GNPs), dispersed in a polyvinyl butyral (PVB) primer coating, can effectively inhibit the corrosion-driven organic coating cathodic delamination mechanism on an iron surface. In the presence of 0.124 φGNP, the highest GNP volume fraction used in this study, the delamination rate was reduced by 98.6%. Analysis of delamination rate kinetics reveals a change from parabolic to linear suggesting that, in the presence of GNPs, the diffusion of Oxygen to the cathodic site is the rate limiting step. Oxygen permeation data supports this theory, demonstrating a direct correlation between corrosion-driven delamination rate and the diffusion of oxygen through the coating.
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